A new interstellar molecule, KCN, has been identified toward the circumstellar envelope of the carbon-rich asymptotic giant branch star, IRC+10216-the fifth metal cyanide species to be detected in space. Fourteen rotational transitions of this T-shaped, asymmetric top were searched for in the frequency range of 83-250 GHz using the Arizona Radio Observatory (ARO) 12 m Kitt Peak antenna, the IRAM 30 m telescope, and the ARO Submillimeter Telescope. Distinct lines were measured for 10 of these transitions, including the K a = 1 and 2 asymmetry components of the J = 11 → 10 and J = 10 → 9 transitions, i.e., the K-ladder structure distinct to an asymmetric top. These data are some of the most sensitive astronomical spectra at λ ∼ 1 and 3 mm obtained to date, with 3σ noise levels ∼0.3 mK, made possible by new ALMA technology. The line profiles from the ARO and IRAM telescopes are consistent with a shell-like distribution for KCN with r outer ∼ 15 , but with an inner shell radius that extends into warmer gas. The column density for KCN in IRC+10216 was found to be N tot ≈ 1.0 × 10 12 cm −2 with a rotational temperature of T rot ∼ 53 K. The fractional abundance was calculated to be f(KCN/H 2 ) ∼ 6 × 10 −10 , comparable to that of KCl. The presence of KCN in IRC+10216, along with MgNC, MgCN, NaCN, and AlNC, suggests that cyanide/isocyanide species are the most common metal-containing molecules in carbon-rich circumstellar gas.
INTRODUCTION
It was once thought that the chemistry of circumstellar envelopes of evolved stars such as IRC+10216 consisted of only carbon, oxygen, nitrogen, and silicon-based compounds. Exotic gas-phase species containing refractory-type elements such as Na, Fe, Al, Mg, and K were thought to only exist in the hot photospheres of stars and to quickly condense into dust grains as photospheric material is lost to the cooler circumstellar shell (Tsuji 1973; Sofia et al. 1994 ). However, observations over the last 20 years have proven that this proposed scenario is overly simplified. Since 1987, a series of metal-containing molecules have been identified in circumstellar gas, beginning with the detection of the metal halide species NaCl, AlCl, KCl, and AlF in the carbon-rich shell of IRC+10216 (Cernicharo & Guélin 1987) . These startling discoveries were subsequently followed by the identification of a series of cyanide/isocyanide compounds in IRC+10216: MgNC (Kawaguchi et al. 1993) , NaCN (Turner et al. 1994) , MgCN (Ziurys et al. 1995) , and AlNC (Ziurys et al. 2002) . Several of these molecules were then found in the circumstellar material of CRL2688 and CRL 618, both protoplanetary nebulae (Highberger et al. 2001 (Highberger et al. , 2003 Highberger & Ziurys 2003) . More recent work has revealed the presence of NaCl, AlO, and AlOH in oxygen-rich circumstellar shells such as VY Canis Majoris (e.g., Tenenbaum & Ziurys 2009 Tenenbaum et al. 2010a Tenenbaum et al. , 2010b .
Although the existence of metal halides and oxides had been predicted by early models of photospheric and inner shell chemistry (Tsuji 1973) , the observation of cyanide species was not expected. Moreover, several of the metal cyanides appear to be primarily located in the outer circumstellar shell, as measurements of MgCN, MgNC, and AlNC have indicated (e.g., Guélin et al. 1993; Ziurys 2006) . This region of the circumstellar envelope is ∼100-1000 stellar radii distant from the dust formation zone, where the gas has become quite cold (T K ∼ 25 K). Survival of these refractory molecules is surprising. In contrast, the metal halides, oxides, and even hydroxides are inner shell species, likely produced by LTE chemistry near the photosphere (Ziurys 2006; Tenenbaum & Ziurys 2009 . However, the cyanide NaCN is also thought to be confined to the inner shell, at least in IRC+10216 (Turner et al. 1994; Ziurys 2006) , and gas-phase atomic metals are observed in the cold outer regions of the same source (Mauron & Huggins 2010) . It is clear that the chemistry of metals in the circumstellar envelopes of stars is not yet understood.
One molecule postulated to exist in IRC+10216 is the metal cyanide KCN, given the presence of KCl in this source. The millimeter spectrum of KCN, a T-shaped asymmetric top, has been known since 1980 (Törring et al. 1980 ). Since 2001, there have been various observations (e.g., Savage et al. 2003; Cernicharo et al. 2004; Patel et al. 2009 ) suggesting that KCN is present in IRC+10216, but a definitive detection has never been published. In order to clarify this situation, we have conducted a renewed search for this molecule, taking advantage of the improved sensitivity offered by ALMA-type mixers. We have observed 14 transitions of KCN, primarily in the K a = 0 series. While emission was detected at all frequencies observed, 10 transitions were found to be relatively clear of confusion. Several of these transitions were observed at both the IRAM 30 m and Arizona Radio Observatory (ARO) 12 m telescopes. These spectra unambiguously indicate the presence of KCN in IRC+10216. In this Letter, we present our observations and an analysis of the abundance and distribution of potassium cyanide, and its implications for refractory chemistry in circumstellar gas.
OBSERVATIONS
Initial observations of KCN were conducted between 2001 November and 2003 June using the ARO 12 m telescope on Kitt Peak, AZ. For these measurements, dual polarization, single-sideband SIS receivers were employed in the 2 mm (130-178 GHz) and 3 mm (85-115 GHz) regions. Image rejection of typically 20 dB was achieved by tuning the mixer backshorts. Additional observations at 3 mm (84-115 GHz) were then carried out between 2008 November and 2010 January using the ARO 12 m telescope with a new, dual polarization receiver employing ALMA-type Band 3 sideband-separating SIS mixers. In this case, image rejection was >18 dB, intrinsic in the mixer architecture. System temperatures ranged from 150 K to 250 K in good weather conditions. The backends used at the 12 m were 256-channel filter banks with 1 and 2 MHz spectral resolutions, respectively, configured in parallel mode for the two receiver polarizations. The temperature scale at the 12 m is T R * , the chopper-wheel value corrected for forward spillover losses, where T R = T R * /η c , and η c is the "corrected" beam efficiency.
Observations at 1 mm were also carried out with the ARO Submillimeter Telescope (SMT) on Mt. Graham, AZ. In this case, the dual polarization receiver consisted of ALMA-type Band 6 sideband-separating SIS mixers. Image rejection was typically >16 dB for this receiver. The backend used was a 2048-channel filter bank with 1 MHz resolution, configured in parallel mode (2 × 1024 channels). At the SMT, the temperature scale is measured as T A * , obtained by the chopper-wheel method. The radiation temperature is then defined as T R = T A * /η b , where η b is the main beam efficiency.
All ARO data were taken in beam switching mode with a ±2 subreflector throw. Local oscillator shifts were performed at all frequencies to check for image contamination. Pointing was routinely checked using nearby planets.
Additional observations were done with the IRAM 30 m telescope, most of them during several sessions after 2002. Dual polarization SIS receivers operating at 3 and 2 mm were used in single-sideband mode with image rejections 20 dB. A 512-channel filter bank was used as backend providing a spectral resolution of 1 MHz. To ensure flat baselines, observations were done in the wobbling switching mode with the secondary mirror nutating by ±90 at a rate of 0.5 Hz. The temperature scale is measured in T A * , i.e., antenna temperature corrected for atmospheric absorption and for antenna ohmic and spillover losses. Pointing and focus were checked every 1-2 hr against planets or the quasar OJ 287.
The position for IRC+10216 is α = 9 h 47 m 57.4 s , δ = 13
• 16 44 [J2000.0]. Rest frequencies, beam sizes, and beam efficiencies are given in Table 1 .
RESULTS
KCN is a T-shaped asymmetric top species with strong adipole-allowed transitions (Törring et al. 1980) . Every transition J → J-1 consists of multiple K components, labeled by K a and K c . The most favorable lines are those with K a = 0. As summarized in Table 1 , eight transitions with K a = 0 were sought, ranging from the J Ka, Kc = 9 0,9 → 8 0,8 line at 85 GHz to the 27 0,27 → 26 0,26 line at 250 GHz. Six of these transitions were detected with comparable intensities (a few mK), as shown in Figure 1 , which displays the ARO 12 m data. The final two transitions, 15 0,15 → 14 0,14 and 9 0,9 → 8 0,8 , are obscured by other molecular lines (NaCN, C 5 H, H 2 CO, and unidentified emission) such that no distinguishable feature can be discerned. as shown in Figure 2 . In addition, five K a = 1 asymmetry components were measured for the J = 11 → 10, 10 → 9, and 9 → 8 transitions, as well as a K a = 2 line (11 2,10 → 10 2,9 ). The 10 1,9 → 9 1,8 transition was previously published in Cernicharo et al. (2004) . As Figures 1 and 2 illustrate, both the K a = 1 asymmetry doublets are present for the J = 11 → 10 and 10 → 9 transitions, along with the K a = 0 line (also see Cernicharo et al. 2004 ). The identification of such K-ladder structure is striking evidence for the presence of KCN in this source.
The transition frequencies for KCN were directly measured in the laboratory only over the range 2-106 GHz (Törring et al. 1980 ). Predictions of the K a = 0 lines in the 1 mm region should be accurate to within 1 MHz, based on NaCN. For this species, a comparable T-shaped molecule, laboratory measurements were conducted only in the region 9-40 GHz (van Vaals et al. 1984) . Predictions from the constants established from this data set Vol. 725
were accurate to within a 1 MHz for the K a = 0 lines based on observations at 1 mm, although they resulted in frequency errors as large as ±15 MHz for the K a > 1 transitions (see Tenenbaum et al. 2010a Tenenbaum et al. , 2010b . Predictions for the K a = 0 components usually require higher order centrifugal distortion constants, which are not well determined at lower J. Hence, extrapolation to 1 mm and shorter wavelengths for such lines may not be reliable for KCN, as is the case for NaCN.
Line parameters measured for the detected KCN lines are listed in Table 1 The intensities of the KCN lines are typically weak-no more than 6 mK, with many features about 1 mK. Several of the ARO spectra shown in Figure 1 were obtained with over 200 hr of integration time, and have 3σ rms noise levels of 0.3-0.5 mK. Spectral features with intensities of ∼1 mK are readily discernable in the data, with many unidentified lines. The presence of an ever-increasing number of U-lines at low noise levels in IRC+10216 is well illustrated by the recent spectral surveys of Tenenbaum et al. (2010a Tenenbaum et al. ( , 2010b and Patel et al. (2009) .
The line profiles measured with the ARO 12 m, where θ b > 40 , appear flat-topped, as do those observed with the SMT, indicative of unresolved, optically thin emission. In contrast, several of the IRAM lines appear more U-shaped, in particular the 14 0,14 → 13 0,13 transition, measured with the smallest beam size of the data set and with the best signal-to-noise (see Figure 2 ). This spectrum suggests a resolved shell distribution in the 19 beam at this frequency. The 11 2,10 → 10 2,9 transition, measured with a 24 beam, also looks horn shaped, while the 11 1,10 → 10 1,9 seems more flat-topped, although it is difficult to be certain given the weak signals.
DISCUSSION

Abundance of KCN and Potassium Chemistry
A comparison of the intensities of the transitions measured at the ARO 12 m and the IRAM 30 m suggests a source size for KCN of ∼30 . This source distribution is consistent with the flat-topped line profiles observed for the 3 and 2 mm transitions with the 12 m telescope, where θ b 40 , as well as the U-shaped line observed with a 19˝beam at the 30 m. The two high energy transitions measured with the SMT, where θ b ∼ 30 , do not show a U shape, but these lines would be barely resolved in a 30 source. Also, they lie sufficiently higher in energy with somewhat narrower line profiles, suggesting that they may arise from deeper within the stellar envelope. Given the possible observation of even higher energy transitions by Patel et al. (2009) , the data seem to suggest that KCN has a shell-like distribution with r outer ∼ 15 , but with an inner shell radius closer to the star than found for radicals such as MgNC. This type of source distribution has also been found for another metal cyanide, AlNC (Ziurys et al. 2002) .
Collisional cross sections of KCN are not known. Consequently, a rotational diagram analysis was constructed to derive an abundance, corrected for the projected source size of 30 , as shown in Figure 3 . A dipole moment of 9.96 D was assumed, based on calculations by H. P. S. Mueller (see the CDMS database). This analysis produced consistent results (see Figure 3) , a column density estimate of N tot ≈ (1.0 ± 0.2) × 10 12 cm −2 and a rotational temperature of T rot = 53 ± 10 K. Adopting a mass loss rate of 3 × 10 −5 solar masses yr −1 and a distance of 150 pc (Agúndez & Cernicharo 2006) , the H 2 column density in the shell 5-15 , where most of the KCN emission originates, is 1.8 × 10 21 cm −2 , yielding a fractional abundance, relative to H 2 , of f ∼ 6 × 10 −10 . The only other known interstellar potassium-containing molecule is KCl, also identified solely in IRC+10216. Unlike KCN, KCl is likely confined to the inner part of the circumstellar envelope, with r ∼ 5 , mimicking the distribution of NaCl (Guélin et al. 1997) . The fractional abundance of KCl in IRC+10216 is unclear. The original (rough) estimate was 3 × 10 −9 (Cernicharo & Guélin 1987) , but a reanalysis suggests f ∼ 4 × 10 −10 (Mauron & Huggins 2010; Highberger & Ziurys 2003) . The abundance of KCN is thus comparable to that of KCl in IRC+10216.
The cosmic abundance of potassium is 1.3 × 10 −7 , relative to H. If this abundance applies to an asymptotic giant branch (AGB) shell like that of IRC+10216, then only a few percent of the available potassium is in molecular form. The gas-phase atomic K abundance has recently been measured toward IRC+10216 by Mauron & Huggins (2010) , who found K/H ∼ 5.5 × 10 −9 , or K/H 2 ∼ 1.1 × 10 −8 . If these three species K, KCl, and KCN are the main gas-phase carriers of potassium, then about 95% of this element must be condensed into dust grains, presumably as KAlSi 3 O 8 (Lodders & Fegley 1999) . There could be other gas-phase molecules containing potassium in IRC+10216, such KC 2 . However, the chemical behavior of potassium appears to follow that of the other detectable metals in C-rich shells: the main molecular carriers are either halide or cyanide/isocyanide species (see Ziurys 2006) . Guélin et al. (1993) , Highberger & Ziurys (2003) 
Implications for Metal Cyanide Molecules in Circumstellar Gas
KCN is the fifth metal cyanide species identified in circumstellar gas, along with MgNC, NaCN, MgCN, and AlNC. A summary of these molecules and their abundances and source sizes in IRC+10216 is given in Table 2 . Of the five metal cyanide species, NaCN is the only one thought to be an inner shell species (Guélin et al. 1993; Highberger et al. 2001) ; it is also the most abundant cyanide, with f ∼ 2 × 10 −8 , for a source size of 5 . In contrast, the free radical MgNC and its metastable isomer, MgCN, occupy shell-like distributions in the outer envelope extending out to radii of 20 , with low rotational temperatures of ∼15 K (Guélin et al. 1993; Ziurys et al. 1995; Ziurys 2006) . MgNC has an abundance of ∼9 × 10 −9 , only a factor of 2.5 lower than that of NaCN. Based on its U-shaped profiles observed with the 30 m telescope, AlNC is thought to primarily exist in the outer shell of IRC+10216. Higher energy transitions (J = 21 → 20) of this molecule have been detected, however, indicating a rotational temperature near 100 K (Ziurys et al. 2002) . This elevated temperature suggests that the distribution of AlNC extends deeper into the shell, as well, as may be the case for KCN. Both AlNC and MgCN have somewhat lower abundances of (3-7) × 10 −10 (see Table 2 ). NaCN and MgNC have also been identified in the C-rich protoplanetary nebula, CRL2688 (Highberger et al. 2001) . The latter molecule has additionally been found in the very evolved protoplanetary, CRL 618 (Highberger & Ziurys 2003) . The abundances of NaCN and MgNC in these objects are only slightly less than that in IRC+10216.
In most cases, the cyanides appear more abundant than their halide counterparts. In IRC+10216, for example, the (Highberger & Ziurys 2003) . Moreover, a halide counterpart to MgNC, such as MgCl or MgF, has yet to be detected in any source, although rest frequencies have been available for such species for many years (e.g., Anderson et al. 1994 (Ziurys et al. 2002; Highberger & Ziurys 2003) .
The dominant role of cyanide species as metal carriers in circumstellar gas was not predicted by any chemical models. Metal halides, on the other hand, were clearly important in the calculations of Tsuji (1973) , for example. Metal-CN bonds are common in nature, however. Vitamin B12 contains the Co-NC moiety, and the well-known dye "Prussian Blue" is formed from the FeCN functionality. Other metal cyanide compounds may be present in C-rich circumstellar gas and may provide an avenue by which to examine abundances of heavier metals such as iron and titanium.
